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Abstract
This paper presents an analysis of the acceleration output (sensitivity) in frequency decoupled MEMS tuning fork gyroscopes
(TFG). We found that in-phase acceleration input is transduced into excitation of anti-phase mode, which results into acceleration
output. Therefore, frequency decoupling (decoupling ratio, DR) of in- and anti-phase modes of sense resonators is key factor to 
suppress acceleration output in TFG, which was verified in a fully operating tuning fork gyroscope. The FEA simulation results 
showed that as DR increases, the acceleration output decreased from 73.56deg/s/g to 23.42deg/s/g.
© 2011 Published by Elsevier Ltd.
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1. Introduction
MEMS gyroscopes are used in wide range of applications for past one decade such as consumer electronics, 
automobile, and industry, because of its low cost, small size and easily integration with electronics. Currently, there 
are various kinds of gyros to fulfill these applications. However, for automobile applications, gyros should be designed 
such that their operation is insensitive to vibrations and shocks, since the reliability is very important in automobiles.
Tuning fork gyroscopes (TFG) are best fit for automobile applications, where two sense masses movement produces a 
common mode signal against an external vibration (acceleration) which is rejected by a differential detecting system. 
Therefore, TFG has been believed to be insensitive to external accelerations. But, recent research studies show that the 
TFG produces acceleration output [1] [2]. The reasons have been reported as fabrication errors. There is no clear 
understanding on the source of acceleration output and no reduction methods have been proposed. Recently, we have 
identified the source of acceleration output in TFG and have proposed a reduction method to suppress acceleration
output and the method was evaluated using a simple coupled resonator [3] [4]. The results verified our method by 
showing the reduction of anti-phase vibration caused by external in-phase oscillation. In this paper, we applied our 
method to a fully operating TFG to evaluate the improvements in acceleration sensitivity in terms of decoupling ratio 
(DR). The reduction method is described first and the design of TFG adopted the method is shown. Then the finite 
element method analysis and discussion are followed.
2. Acceleration output in TFG
2.1. Source of acceleration output in TFG
     An example TFG and its operation principle are explained here to describe source of acceleration output, as shown
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in Fig 1. Two drive resonators and two sense masses (resonators) are coupled with springs and have at least 4-DOF.
Two sense masses along sense axis (x-axis) have two modal frequencies of sense in-phase mode and sense anti-phase 
modes, as shown in Fig 1(c) and (d), respectively. 
a) Schematic of TFG                                  c) in-phase mode d) anti-phase mode
Fig. 1. (a) TFG operation (b) Sense resonators frequency response (c) & (d) Schematic of sense resonators modal displacements 
In TFG operation, two drive resonators are oscillated in anti-parallel along y-axis. For an applied angular rate input, 
Coriolis force is induced on the sense resonators in opposite directions (as anti-phase mode). The resultant change in 
each capacitance is summed through differential sensing circuit as the rate output at drive oscillation frequency. For 
an applied acceleration along sense axis, two sense masses move with same phase and amplitude (as in-phase mode). 
This movement produces common mode signal and cancelled by the sensing circuit. Actually, the TFG produces the 
acceleration output. The known reasons are stiffness and capacitance mismatch due to fabrication errors. We identified 
in a fabricated TFG, not only in-phase mode but also anti-phase mode is excited against an applied acceleration as 
shown in Fig 2. Therefore, it is important to suppress the anti-phase mode excitation to decrease the acceleration
output.
2.2. Acceleration output reduction method
We have proposed a method “by separating in-phase modal frequency far away from anti-phase modal frequency
(frequency decoupling)”, vibration amplification from applied in-phase acceleration to anti-phase mode decreases as 
shown in Fig 2. It results into decreased acceleration output. More detailed explanation is in ref. [4].      
         a) Frequencies decoupled closely                                           b) frequencies decoupled largely
Fig. 2. Frequency decoupling of sense in- and anti-phase modes
3. Design of frequency decoupled TFG
We designed a simple TFG by using our frequency decoupling method as shown in Fig 3. Two drive resonators 
Fig. 3. Layout of frequency decoupled TFG
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and two sense resonators are coupled with a coupling spring. The coupling spring is used to couple the resonators in 
both drive axis (y-axis) and sense axis (x-axis) direction. Drive frequency tuning electrodes are useful to adjust the 
drive resonant frequency. Its operation principle is same as an example TFG explained in section 2.1.   
3.1. Design concept
In frequency decoupling, we kept anti-phase frequency constant and shifted in-phase frequency by changing the 
stiffness of the coupling springs and sensing resonator springs. The designed TFGs with different decoupling ratio 
(DR = (fsanti - fsin)/fsanti were 0.08, 0.19 and 0.24. In all designs, the sense anti-phase frequency (fsanti=16.19 kHz) is 
kept constant. Therefore, they have same rate sensitivity (0.08fF/deg/s). 
3.2. Parameters of the designed TFG
The designed TFGs typical parameters are calculated from equations given in [5] [6] as shown in table 1. The 
designed TFGs are currently under fabrication in SOG process of 20 ȝm thick.   
  
Table 1. Parameters of the designed TFG with DR = 0.08 
                                         
Sense in-phase (fsin), kHz 14.93 Driving amplitude, ȝm 10
Drive anti-phase ( fdanti), kHz 15.90 Capacitance of sense resonator cell, fF 592
Sense anti-phase ( fsanti), kHz 16.19 Quality factor along sense axis 320
Decoupling ratio (DR) 0.08 Coriolis vibration amplitude, nm/deg/s 0 1
Structure is biased at Vd.c., volts 10 Rate sensitivity, fF/deg/s 0.08
No. of drive electrodes 49 Band width, Hz 150
4. Finite Element Analysis
FEA simulations were carried out with 5% stiffness mismatch in the springs of each sense resonator to simulate 
fabrication errors and 1-g acceleration in the frequency range of 10-18 kHz along the sense axis. The results showed
that at the drive anti-phase frequency (TFG operation frequency); sense resonators are excited in anti-phase mode
from phase response plot as shown in Fig 5. The anti-phase mode vibrations are summed in differential sensing and 
appear on the gyro output. Acceleration outputs against DR at drive anti-phase frequency are plotted in Fig 6. The 
results showed that as DR increases from 0.08 to 0.24, acceleration output decreased by one-fourth.
Fig. 5. Magnitude and phase response of sense resonators against 1-g acceleration along sense axis, @DR=0.08;
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Fig. 6. Acceleration output against decoupling ratio at drive anti-phase frequency
5. Results and Conclusions
In this paper we reported that the acceleration output in TFG is decreased by frequency decoupling without 
sacrificing rate sensitivity. FEA simulation results showed that as DR increases, acceleration output decreased from 
73.56deg/s/g to 23.42deg/s/g. In future, mechanical evaluation results of the devices will be reported.
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